In this work we characterise the function of the type I MADS-box TF PHE1. PHE1 is active in the 38 endosperm and is a paternally expressed imprinted gene (Köhler et al., 2005) . Imprinting is defined as 39 an epigenetic phenomenon causing a gene to be preferentially expressed from the maternal or the 40 paternal allele. In plants, imprinting is mainly manifested in the endosperm, and similarly to type I 41 MADS-box TFs, imprinted genes have been previously implicated in endosperm development ( Fold change was determined between endosperm and embryo, or between endosperm and seed coat. Genes were divided in three categories depending on their PHE1 target status, and the presence of RC/Helitrons with and without PHE1 DNAbinding motifs. Gene expression data was retrieved from Belmonte et al., (2013) . Pre-globular seed stage was used in this analysis. P-values were determined using two-tailed Mann-Whitney tests (n = number represented below boxplots). PHE1 binding. Indeed, a screen of genomic regions for the presence of PHE1 DNA-binding motifs, 76 revealed significantly higher motif densities within all RC/Helitrons, compared to other TE 77 superfamilies (Fig. 1c) . We found that most RC/Helitron sequences associated with both PHE1 DNA-78 binding motifs share sequence homology, and the majority of them could be grouped into one large 79 cluster, based on sequence identity ( Fig. 1 -Figure Supplement 5 ). While the presence of additional 80
smaller clusters points to a few instances of independent gains of PHE1 DNA-binding motifs through 81
de novo mutation or sequence capture, the grouping of most sequences within one cluster suggests 82 that a single ancestral RC/Helitron likely acquired a perfect or nearly perfect motif sequence. 83
Moreover, we could detect the presence of perfect or nearly perfect PHE1 DNA-binding motifs within 84 the consensus sequences of several RC/Helitron families ( Fig. 1 -Figure Supplement 6 ), suggesting 85 that radiation of RC/Helitrons occurred after the acquisition of the binding motif. Together, these data 86 suggest that an ancestral RC/Helitron likely played a role in acquiring PHE1 DNA-binding motifs, which 87 were subsequently amplified in the genome through transposition. 88
Interestingly, even though motif densities were higher in RC/Helitrons overlapped by PHE1 binding 89 sites than in non-overlapped RC/Helitrons, this difference was not significant (Fig. 1c) . As the 90 enrichment of PHE1 DNA-binding motifs is a specific feature of RC/Helitrons, the domestication of 91 these TEs as cis-regulatory regions might facilitate TF binding and modulation of gene expression. In 92 line with this, we detected that genes flanked by RC/Helitrons carrying bound PHE1 DNA-binding 93 motifs were more highly expressed in the endosperm than in other seed tissues (Fig. 1d) . This shows 94 that for a subset of genes, these TEs can be effectively used as sites for PHE1 binding, thus triggering 95 endosperm-specific expression. 96
Among the PHE1 target genes we detected a significant enrichment of imprinted genes, with 12% 97 of all maternally expressed genes (MEGs) and 31% of all paternally expressed genes (PEGs) being 98 targeted (Fig. 2a) . Imprinted gene expression relies on parental-specific epigenetic modifications, 99 which are asymmetrically established during male and female gametogenesis, and inherited in the 100 endosperm (Gehring, 2013; Rodrigues and Zilberman, 2015) . Demethylation of repeat sequences and 101 6 102 
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of SNPs between these two accessions to discern parental preferences of PHE1 binding. Using Sanger 129 sequencing, we determined the parental origin of enriched ChIP-DNA in MEG, non-imprinted, and PEG 130 targets (Fig. 2e, Fig. 2 -Fig. Supplement 2) . While binding of PHE1 was biallelic in non-imprinted 131 targets (Fig 2e) , only maternal binding was detected in the tested MEG targets, supporting the idea 132 that CG hypermethylation of paternal alleles prevents their binding by PHE1 (Fig. 2e, Fig. 2 -Fig.  133 Supplement 3a). Interestingly, we observed biallelic binding in PEG targets (Fig. 2e) . Even though the 134 maternal PHE1 binding sites in PEGs were flanked by H3K27me3 (Fig. 2b-c) , correlating with 135 transcriptional repression of maternal alleles, the absence of this mark within the binding site centres 136 seems to be permissive for maternal PHE1 binding. We speculate that the accessibility of this site might 137 be important to mediate recruitment of H3K27me3 in the central cell and/or for maintenance of this 138 mark during endosperm development (Fig. 2 -Fig. Supplement 3a) . (Fig. 1b) , we found that PHE1 DNA-binding motifs 144 were contained within these TEs significantly more frequently in PEGs than in non-imprinted genes 145 (Fig. 2 -Fig. Supplement 3b) . Furthermore, we detected the presence of homologous RC/Helitrons 146 containing PHE1 binding motifs in the promoter regions of several PHE1-targeted PEG orthologs (Fig.  147   3 a-e, Fig. 3 -Figure Supplement 1 ), indicating ancestral insertion events. The presence of these 148 RC/Helitrons correlated with paternally-biased expression of the associated orthologs, providing 149 further support to the hypothesis these TEs contribute to the gain of imprinting, especially of PEGs. 150
Thus, besides facilitating the asymmetry of epigenetic marks, these TEs can contribute to the 151 generation of novel gene promoters that ensure the timely endosperm expression of PEGs, under the 152 control of PHE1, and possibly other type I MADS-box TFs (Fig. 2 -Fig. Supplement 3a) . 153
Among the PEGs targeted by PHE1 were ADM, SUVH7, PEG2, and NRPD1a ( Fig. 1 -Fig. Supplement we found that close to 50% of highly upregulated genes in 3x seeds are targeted by PHE1 (Fig. 4a) , 157 suggesting this TF might play a central role in mediating the strong gene deregulation observed in these 158 seeds. If this is true, removal of PHE1 in 3x seeds is expected to suppress 3x seed inviability. To test 159 this hypothesis, we generated a phe1 CRISPR/Cas9 mutant in the phe2 background, since both genes 160 are likely redundant (Villar et al., 2009) (Fig. 4 -Fig. Supplement 1a) . We introduced phe1 phe2 into 161 the omission of second division 1 (osd1) mutant background, which produces diploid gametes at high 162 frequency (d 'Erfurth et al., 2009 ). Wild-type (wt) and phe2 maternal plants pollinated with osd1 pollen 163 form 3x seeds that abort at high frequency (Kradolfer et al., 2013) (Fig. 4b, Fig. 4 -Fig. Supplement  164   1b) . In contrast, phe1 phe2 osd1 pollen strongly suppressed 3x seed inviability, reflected by the 165 increased germination of 3x phe1 phe2 seeds (Fig. 4c, Fig. 4 -Fig. Supplement 1c) . This phenotype 166 could be reverted by introducing the PHE1::PHE1-GFP transgene paternally ( Fig. 4b-c, Fig. 4 -Fig.  167 Supplement 1b-c). Notably, 3x seed rescue was mostly mediated by phe1, as the presence of a wt PHE2 168 11 allele in 3x seeds (wt x phe1 phe2 osd1) led to comparable rescue levels than when having no wt PHE2 169 allele present (phe2 x phe1 phe2 osd1) (Fig. 4b-c, Fig. 4 -Fig. Supplement 1b-c) . Importantly, 3x seed 170 rescue was accompanied by reestablishment of endosperm cellularisation (Fig. 4 -Fig. Supplement  171 1d-e), and reduced expression of PHE1 target genes (Fig. 4 -Fig. Supplement 1f) . imprinting was not disrupted in 3x seeds (Fig. 4d) , consistent with the presence of similar 178 H3K27me3levels on the maternal alleles of PEGs in the endosperm of 2x and 3x seeds (Fig. 4e, Fig. 4 -179 belonging to a certain transcription factor family, and the total number of genes in that family targeted 206 by PHE1, respectively. P-value was determined using the hypergeometric test. 207 Alignments between Arabidopsis thaliana RC/Helitrons associated with PEGs ( Fig. 3a-e 
Plant material and growth conditions 288
Arabidopsis thaliana seeds were sterilized in a closed vessel containing chlorine gas, for 3 hours. 289
Chlorine gas was produced by mixing 3 mL HCl 37% and 100 mL of 100% commercial bleach. Sterile 290 seeds were plated in ½ MS-medium (0.43% MS salts, 0.8% Bacto Agar, 0.19% MES hydrate) 291 supplemented with 1% Sucrose. When required, appropriate antibiotics were supplemented to the 292 medium. Seeds were stratified for 48 h, at 4°C, in darkness. Plates containing stratified seeds were 293 transferred to a long-day growth chamber (16h light / 8h dark; 110 μmol s Agrobacterium tumefaciens strain GV3101, and phe2/-plants were subsequently transformed using 314 the floral-dip method (Clough and Bent, 1998) . 315
To screen for T1 mutant plants, we performed Sanger sequencing of PHE1 amplicons derived from 316 these plants, and obtained with the following primers (fw 5'-AGTGAGGAAAACAACATTCACCA-3'; rv 5'-317 GCATCCACAACAGTAGGAGC-3'). The selected mutant contained a homozygous two base pair deletion 318 that leads to a premature stop codon, and therefore a truncated PHE1 1-50aa protein. In the T2 319 generation, the segregation of pHEE401E allowed to select plants that did not contain this vector and 320 that were double homozygous phe1 phe2 mutants. Genotyping of the phe1 allele was done using 321 primers fw 5'-AAGGAAGAAAGGGATGCTGA-3' and rv 5'-TCTGTTTCTTTGGCGATCCT-3', followed by RsaI 322 digestion. File 1) . 417
418

Analysis of PHE1 target genes 419
Significantly enriched Gene Ontology terms within target genes of PHE1 were identified using 420
AtCOECIS (Vandepoele et al., 2009) , and further summarized using REVIGO (Supek et al., 2011) . 421
Enrichment of specific transcription factor families within PHE1 targets was calculated by first 422 normalizing the number of PHE1-targeted TFs in each family, to the total number of TFs targeted by 423 PHE1. As a control, the number of TFs belonging to a certain family was normalised to the total number 424 of TFs in the Arabidopsis genome. The Log 2 fold change between these ratios was then calculated for 425 each family. Significance of the enrichment was assessed using the hypergeometric test. Annotation 426 of transcription factor families was done following the Plant Transcription Factor Database version 4.0 427 (Jin et al., 2014) . Only TF families containing more than 5 members were considered in this analysis. 428
To determine which imprinted genes are targeted by PHE1, a custom list consisting of the sum of 429 imprinted genes identified in different studies was used (Fig. 1 -source data 1 To determine the proportion of genes overexpressed in paternal excess crosses that are targeted 432 by PHE1, a previously published transcriptome dataset of 3x seeds was used (Schatlowski et al., 2014) . 433
434
Spatial overlap of TEs and PHE1 binding sites 435
Spatial overlap between PHE1 ChIP-seq peak regions (binding sites) and TEs was determined using 436 the regioneR package version 1.8.1 (Gel et al., 2015) , implemented in R version 3.4.1 (Core Team R, 437 2017). As a control, a mock set of binding sites was created, to which we refer to as random binding by the sum of maternally-and paternally-derived reads available for any given gene. Ratios were 534 calculated separately for the two biological replicates of each cross (Ler x wt Col and Ler x osd1 Col), 535 and the average of both replicates was considered for further analysis. The MEG and PEG ratio 536 thresholds for 2x and 3x seeds indicated in Figure 3d were defined as a four-fold deviation of the 537 expected read ratios, towards more maternal or paternal read accumulation, respectively. The 538 expected read ratio for a biallelically expressed gene in 2x seeds is 2 maternal reads : 3 total reads, 539 while for 3x paternal excess seeds this ratio is 2 maternal reads : 4 total reads. Deviations from these 540 expected ratios were used to classify the expression of published imprinted genes ( Fig. 1 -source data  541 1) as maternally or paternally biased in 3x seeds, according to the direction of the deviation. As a 542 control, the parental bias of these imprinted genes was also assessed in 2x seeds. 543 37 544
Parental expression ratios of genes associated with H3K27me3 clusters 545
Previously published endosperm gene expression data, generated with the INTACT system, was 546 used for this analysis (Del Toro-De León and . Parental gene expression ratios were 547 determined as the mean between ratios observed in the Ler x Col cross and its reciprocal cross. As a 548 reference, the parental gene expression ratio for all endosperm expressed genes was also determined. 549
A two-tailed Mann-Whitney test with continuity correction was used to assess statistical significance 550 of differences between parental gene expression ratios. 
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